Visual Abstract
Introduction
Control of neuronal activity with genetically targeted molecules (optogenetics) requires both actuators and inhibitors, to de-and hyperpolarize the membrane, respectively (Bernstein et al., 2012; Emiliani et al., 2015) . Until recently the only optogenetic tools available for inhibition of neuronal spiking had been rhodopsin ion pumps such as halorhodopsin and archaeorhodopsin that transport Cl -in or H ϩ out of the cell, respectively (Zhang et al., 2007; Chow et al., 2010; Chuong et al., 2014) . However, the pumps translocate at most only one charge per captured photon and therefore their optogenetic use typically requires high light intensities (10 -20 mW mm Ϫ2 ; Maurice et al., 2015; Parker et al., 2016; Arguello et al., 2017) .
Ion channels form a continuous hydrophilic pore in the lipid bilayer and are therefore much more efficient for manipulation of the membrane potential than ion pumps. Mature neurons maintain a steep inwardly directed Cl -gradient across their somatic membrane (Price and Trussell, 2006; Khirug et al., 2008) , so opening of Cl -channels, such as endogenous ionotropic GABA receptors, hyperpolarize the membrane. Therefore, considerable efforts have been invested in converting cation channelrhodopsins (CCRs) from chlorophyte algae into Cl -channels, yielding two principal variants (Berndt et al., 2014; . Continued engineering efforts resulted in second-generation tools by eliminating their residual permeability for H ϩ Berndt et al., 2016 ) and modification of their kinetics and spectral sensitivity .
Meanwhile, two natural anion channelrhodopsins (ACRs) with unitary conductance that exceeds that of any previously known channelrhodopsins were found in the cryptophyte alga Guillardia theta . These proteins have been shown to require less light than rhodopsin pumps for inhibition of spiking in cultured rodent neurons , and behavioral responses in Caenorhabditis elegans (Bergs et al., 2018) and Drosophila . Furthermore, GtACRs did not produce rebound effects (Wei et al., 2018) , observed when using rhodopsin pumps (Chuong et al., 2014; Mahn et al., 2016) . GtACR2 enabled neuronal silencing at 20-fold lower light intensity with 65-fold better time resolution than that required by the most light-sensitive Cl --conducting CCR mutants available at the time , but side-byside comparison of natural ACRs with the secondgeneration engineered silencing tools has yet to be conducted.
Closing of GtACR channels requires tens to hundreds of milliseconds, which limits their temporal precision for silencing of neuronal types that fire at high frequencies. In a screen of natural ACR homologs, a faster molecule, named ZipACR, has been found, but its light sensitivity as a neuronal silencer has not been determined (Govorunova et al., 2017b) .
In long-term optogenetic experiments, continuous illumination may lead to considerable heating of the tissue (Wiegert et al., 2017) . One possible solution of this prob-lem is to use "step-function tools," i.e., light-gated channels that remain open for seconds after the light is switched off. Cl --conducting CCR mutants have been converted into such tools (Berndt et al., 2014; by mutagenetic disruption of the residues that form the "DC gate" (an interhelical hydrogen bond between Cys128 and Asp156, CrChR2 numbering; Nack et al., 2010) . Mutation of the Cys128 homolog in GtACR1 to Ala led to a dramatic decrease in the rates of the second phase of channel closing and decay of the M intermediate of the photocycle (Sineshchekov et al., 2015 (Sineshchekov et al., , 2016 . Expression of the GtACR1_C102A mutant in the body wall muscles of C. elegans enabled their relaxation on illumination (Bergs et al., 2018) , but this mutant had not so far been tested in mammalian neurons.
In this study, we report a new ACR from the cryptophyte alga Rhodomonas salina, nicknamed RapACR, that provides 3-8-fold higher time resolution of neuronal inhibition (depending on the light intensity and membrane voltage) than the previously used GtACR2, while exhibiting a similar light sensitivity. A side-by-side test revealed that RapACR caused the same photoinduced rheobase shift at ϳ50 times lower light intensity than the secondgeneration light-gated CCR-derived Cl -channel iCϩϩ. We found that the C102A mutation increased the light sensitivity of GtACR1 ϳ7-fold and permitted rapid restoration of neuronal firing by a pulse of red light. These findings provide strategies for using natural ACRs as inhibitory optogenetic tools and demonstrate their versatility.
Materials and Methods

Identification of ACR homologs in algal transcriptomes
ACR homologs were identified by searching over 2000 transcriptomes obtained from two sequencing projects, the MMETS project (Keeling et al., 2014) and 1KP project (Matasci et al., 2014) using probabilistic inference methods based on profile hidden Markov models (profile HMMs) implemented in HMMER software (version 3.1b2; Eddy, 2011) . HMM profiles were built from previously known ACR sequences using default parameters and refined on functional testing of ACR homologs by electrophysiological measurements. Search procedures were automated with Python 2.7 and the Biopython module (Cock et al., 2009 ).
Molecular cloning
DNA polynucleotides encoding the transmembrane domains of transcripts showing homology to previously known ACRs optimized for human codon usage were synthesized (GenScript) and cloned into the mammalian expression vector pcDNA3.1 (Life Technologies) in frame with an enhanced yellow fluorescent protein (EYFP) tag for expression in human embryonic kidney (HEK293) cells. The sequence information was deposited in GenBank. For expression in neurons, ACR fusion constructs were transferred to the pFUGW vector backbone (Lois et al., 2002) . Mutants were generated using QuikChange XL kit (Agilent Technologies) and verified by sequencing. The polynucleotide sequence encoding iCϩϩ was synthesized (GenScript) according to Berndt et al. (2016) , fused to EYFP and cloned in the pcDNA3.1 and pFUGW vectors, as described for cryptophyte ACRs.
HEK293 transfection and recording
HEK293 cells were transfected using the ScreenFectA transfection reagent (Waco Chemicals USA). All-transretinal (Sigma) was added at the final concentration of 4 M immediately after transfection. Transfection with each tested ACR variant was repeated at least in three different batches of culture, and the results obtained in cells from all batches were pooled together.
Photocurrents were recorded 48 -72 h after transfection in the whole-cell voltage clamp mode with an Axopatch 200B amplifier (Molecular Devices) using the 2-kHz lowpass Bessel filter. The signals were digitized at 5 kHz with a Digidata 1440A using pClamp 10 software (both from Molecular Devices). Patch pipettes with resistances of 2-5 M⍀ were fabricated from borosilicate glass. Solution compositions are listed in Table 1 . A 4 M KCl bridge was used in all experiments, and possible diffusion of Cl -from the bridge to the bath was minimized by frequent replacement of the bath solution with fresh buffer. Individual transfected HEK293 cells were selected for patching by inspecting their tag fluorescence; non-fluorescent cells were excluded. Series resistance was periodically checked during recording, and experiments showing Ͼ20% increase were discarded. Data were also excluded if a gigaohm seal was lost during recording. Cells in which we could not establish a gigaohm seal were automatically excluded from measurements.
Continuous light pulses were provided by a Polychrome V light source (T.I.L.L. Photonics GmbH) at the halfbandwidth 15 nm in combination with a mechanical shutter (Uniblitz Model LS6, Vincent Associates; half-opening time 0.5 ms). The light intensity was attenuated with neutral density filters. The maximal available quantum density at the focal plane of the 40ϫ objective was measured with a piezo detector and ranged from 4.6 (400 nm) to 8.5 (470 nm) mW mm Ϫ2 . For measurements of the dependence of photocurrents on the light intensity, the dark interval between subsequent light pulses was 30 s for all tested variants except the GtACR1_C102X mutants, for which it was 180 s because of their slow current decay. For measurements of the action spectra cells were illuminated with short (50 ms) pulses of monochromatic (halfbandwidth 10 nm) light of low intensity within the linear range of the dependence. To avoid possible adaptation during measurements, the spectral sensitivity in each cell was scanned with 10-nm intervals first from the shortest wavelength to the longest and then again in the reversed order.
To determine reversal potentials, we recorded in each cell a series of photocurrent traces in response to 1-s light pulses at the holding potentials changed in 20-mV increments from -60 to 60 mV at the amplifier output. The measurements were repeated first using standard solutions, and then on partial substitution of Asp -for Cl -in the bath (Table 1) . One value of the reversal potential was obtained per one cell. All measurements were conducted at room temperature (25°C).
Lentivirus production, titration, and delivery
Lentivirus was produced in HEK293FT cells (Invitrogen) by triple-transfection with the plasmids pCMV-VSVG, p⌬8.9 and corresponding channelrhodopsin-EYFP fusions in the pFUGW backbone using Lipofectamine 2000 (ThermoFisher). The virus was purified from the medium by ultracentrifugation at 17,000 rpm in an SW32 rotor for 2 h. Viral titers where determined by counting the percentage of fluorescent HEK293 cells in monolayers transduced with serially diluted virus preparations. The titers of concentrated virus were between 3 ϫ 10 5 and 5 ϫ 10 6 infectious units (IU)/ml. Neurons were transduced 1 d after plating with 10-100 l of concentrated virus per slide to yield Ͼ90% of neurons to become fluorescent.
Neuronal cultivation and recording
Mouse hippocampi (strain E18) were purchased from BrainBits, digested by papain to release individual neurons that were then cultured on top of a glia feeder layer in NbActiv4 medium (BrainBits) supplemented with alltrans retinal (0.4 M). BrainBits collects the brains using procedures that are approved by their Institutional Animal Use and Care Committee. Patch clamp measurements were conducted 8 -14 d after transduction. The same photoexcitation source and measuring setup was used as described above for HEK293 cells, except that the compositions of solutions were as listed in Table 2 .
Individual neurons were randomly selected for patching without inspecting their tag fluorescence. Neurons in which we could not establish a gigaohm seal or those exhibiting Ͼ20% increase in access resistance during recording were excluded from measurements, as were those in which the seal broke during recording. Spiking was evoked by somatic current injection and recorded in current clamp mode. For measurements of the dependence of spiking probability on the light intensity, we injected 1-ms current pulses of 2.5 nA. Unless otherwise stated, the frequency of electrical stimulation was 5 Hz, because a subpopulation of rodent pyramidal hippocampal neurons generates high-frequency bursts of spikes on injection of a single short current pulse (Graves et al., 2012) , which interferes with spiking probability measurements. At 5-Hz stimulation, the membrane voltage returned to the resting level before injection of each subsequent current pulse in all tested neurons. The duration of illumination was 2 s for each ACR variant, except the slow mutant GtACR1_C102A, for which it was 17 s. To avoid possible adaptation during measurements of light sensitivity, in each neuron, a series of light pulses was applied with 30-s dark intervals for all tested ACR variants, except GtACR1_C102A, for which the dark interval was 180 s, first from the lowest to the highest intensity and then again in the reversed order. For rheobase measurements neurons were injected with a current ramp (0 -2 nA, 1 s) in the dark or 500 ms after the onset of actinic illumination. We found that the rheobase magnitude strongly depended on the duration of cultivation (days after transduction); therefore, neuronal cultures of the matched age were used for comparisons between different rhodopsin variants. For spiking recovery measurements, a single 1-ms current pulse was applied per each recorded trace at an incrementally varied time interval after the end of a 500-ms light pulse. Measurements in each neuron started with injecting current at the time 0, i.e., at the very end of the light pulse. If its spiking was inhibited at the given light intensity, the neuron was repetitively stimulated with an incrementally increased time interval between the light stimulus and current pulse using a 30-s dark adaptation period between subsequent traces.
Immunofluorescence microscopy
Hippocampal neurons at day 14 post-transduction were fixed in 4% paraformaldehyde in PBS, washed, permeabilized (0.3% Triton X-100 in PBS), washed once again, and blocked with 2% goat serum in PBS for 30 min. The fixed permeabilized neurons were incubated with polyclonal rabbit anti-GFP antibody (1:500; catalog #132002, Synaptic Systems) and either guinea pig anti-MAP2 (microtubule associated protein 2) antibody (1: 1000; catalog #188004, Synaptic Systems) or mouse anti-SV2 (synaptic vesicle glycoprotein 2) antibody (1:100; Registry ID: AB 2315387, Developmental Studies Hybridoma Bank) at 4°C overnight. For secondary staining, the preparations were incubated with Alexa Fluor 488-conjugated goat anti-rabbit antibody (catalog #A11034, Invitrogen) and Alexa Fluor 568-conjugated goat antiguinea pig antibody (catalog #A11075, Invitrogen), or Alexa Fluor 647-conjugated goat anti-mouse antibody (catalog #A21236, Invitrogen) at room temperature for 1 h, after which the samples were washed and mounted with ProLongDiamond Antifade mounting medium (Invitrogen). Images were taken with ZEN software using an LSM 510 META laser scanning microscope (Carl Zeiss). The laser wavelengths were 488 nm (KrAr), 543 nm (HeNe), and 633 nm (HeNe). The emission filters LP 650, BP 490-510, and BP 560-615 were used.
Data analysis Estimation of mean photocurrent amplitudes, the degree of photocurrent inactivation, electrical charge transferred during illumination, and half-rise and half-decay times
From each cell, one current trace was recorded in the voltage clamp mode, and the baseline measured before illumination was subtracted using Clampfit software (a subroutine of pClamp). The same software was used to measure the peak current amplitude with a cursor, and to measure the stationary amplitude by averaging the data points during the last 100 ms of illumination. The degree of photocurrent inactivation was calculated by subtraction of the stationary value from the peak value, division by the peak value and multiplication by 100%. The amount of charge transferred across the membrane during illumination was calculated as the area (integral) under the current trace using Clampfit software. The rise and decay of ACR photocurrents are multiexponential (Sineshchekov et al., 2015) ; therefore, to characterize their kinetics, we calculated the half-rise and half-decay times, rather than their time constants, using Clampfit software. For each patched cell, there was one half-rise and one half-decay value. We averaged the photocurrent amplitude values, the degree of inactivation, the amount of charge and half-rise and half-decay times across all tested cells and calculated the SEM (the reported n values indicate the number of tested cells). The data points obtained in individual cells are shown in the respective figures as empty circles.
Determination of the photocurrent action spectra
In each cell, a response to illumination at each wavelength was measured at least twice in a symmetrical fashion, as described above. In each trace, the initial slope of photocurrent was assessed from the mean amplitude of the signal recorded during its close to the linear rise, usually during the first 5-15 ms depending on the current rate. The spectral data sets obtained in all scans (the number of which is indicated in the figure legend) were pooled together (because the differences between individual cells in ACR expression levels or patch parameters were not expected to influence ACR spectral properties), normalized to the maximal value and averaged to produce the mean and SEM values (the reported n values indicate the number of spectral scans). The mean and SEM values were then corrected for quantum density measured for each wavelength. The positions of the spectral maxima were determined using B-spline approximation of the data points in Origin 7 (OriginLab Corporation).
Calculation of the reversal potentials
In each current trace from a series measured at incremental holding voltages as described above, we calculated the peak value, as described above, transferred the obtained values to Origin 7 software and plotted them against the holding potential values corrected for liquid junction potentials calculated using the Clampex built-in LJP calculator (Barry, 1994) . The reversal potential (E rev ; the value at which the line connecting the data points crossed the x-axis) was determined using Origin software. The value obtained in the standard bath was then subtracted from that in the Asp -bath thus yielding the value of the E rev shift caused by Asp -substitution. For each cell, one value of the E rev shift was obtained. The shift values were averaged across cells to produce the mean and SEM values (the reported n values indicate the number of tested cells). The data points obtained in individual cells are shown as empty circles.
Determination of spiking probability
Spiking probability was determined by counting the number of fully developed spikes (with the amplitude Ͼ95% of that in the dark) during 2-s illumination periods using Clampfit software. For each neuron, the numbers of spikes during two illumination periods of the same intensity applied in a symmetrical fashion, as described above, were summarized, divided by the total number of applied electrical pulses (20) and multiplied by 100%. The intensity of half-inhibition for the slow GtACR1_C102A mutant was calculated using the last 2 s of the 17-s light pulse. For each light intensity, one percentage value was obtained for each neuron. The data were then averaged across all neurons to produce the mean and SEM values (the reported n values indicate the number of tested neurons). Logistic functions were then fit to the data sets measured at each wavelength using Origin software.
Rheobase measurements
Rheobase values (the amplitude of injected current at the start of the first evoked spike) were measured from the recorded traces with a cursor using Clampfit software. A single value was obtained for each tested light intensity in each neuron. Then the data were averaged across all neurons to produce the mean and SEM values (the reported n values indicate the number of tested neurons).
Spiking recovery analysis
For each neuron, a single series of traces was recorded for each tested light intensity, as described above. For comparison of the recovery times in neurons transfected with RapACR and GtACR2, only neurons for which 1% was the minimal light intensity that fully inhibited spiking were selected. The spike amplitude at each time point in each trace was measured using Clampfit software. The data were averaged across neurons to produce the mean and SEM values (the reported n values indicate the number of tested cells) and plotted against time using Origin software. After that, the value of the half-recovery time at each intensity was calculated for each neuron, averaged across neurons to produce the mean and SEM values (the reported n values indicate the number of tested cells) and plotted against the light intensity.
Image analysis
To quantify RapACR membrane targeting, lines were drawn through the center of cell images, and the fluorescence density profiles were calculated and analyzed using ImageJ 1.51j8 (National Institutes of Health). Primary den- (Table 3) at -60 mV at the amplifier output in standard solutions. The stationary current was measured at the end of a 1-s light pulse. The data are the mean values Ϯ SEM (n ϭ 3-10 cells). The data obtained in each individual cell are shown as empty circles. B, The action spectra of photocurrents generated by RapACR (RsACR_665) and RaACR_687. The data are the mean values Ϯ SEM (n ϭ 4 and n ϭ 8 scans, respectively). C, The kinetics of the photocurrent decay after switching off the continuous light (1-s duration) at -60 mV. D, The dependence of the normalized peak amplitude, inactivation, and half-decay time of RapACR photocurrents recorded in response to 1-s pulses of 520-nm light on the stimulus intensity. The data points are mean Ϯ SEM (n ϭ 5 cells). E, The dependence of the peak amplitude (red) and half-decay time (blue) of RapACR photocurrents on the holding voltage corrected for the liquid junction potential. Filled symbols, solid lines, measurements using standard HEK293 solutions (Table 1) ; empty downward triangles, dashed line, measurements using neuronal solutions ( Table 2 ). The data points are mean Ϯ SEM (n ϭ 6 cells). F, The shifts of the reversal potential on partial replacement of Cl -with Asp -in the bath. The data are the mean values Ϯ SEM (n ϭ 3 and n ϭ 5 cells for RapACR and RaACR_687, respectively).
drites from randomly selected neurons were identified as MAP2-positive branches originating from the soma and crossing the circumference of the 70-m radius. Synapses (identified by SV2 staining) were quantified using Carl Zeiss ZEN microscope software in five randomly picked dendritic stretches (length, 20 m) and averaging them for each neuron. From each neuron, one average dendrite number and one synapse number were derived, after which these numbers were averaged across all neurons.
Sample size determination
The sample size was estimated from previous experience, as recommended by the NIH guidelines (Dell et al., 2002) .
Randomization
We presume that animals sacrificed for isolation of neurons were randomly selected by BrainBits. HEK293 and neuronal cultures were randomly assigned to experimental groups.
Statistics
Statistical analysis was performed using IBM SPSS Statistics software, and the selection of statistical tests was based on previously published studies. Normality and equal variances of the data were not assumed, and therefore non-parametric statistical tests were used; p Ͼ 0.05 was considered not significant. For pairwise comparisons of independent data sets the two-sided Mann-Whitney test was used, and for comparisons of multiple independent data sets, the Kruskal-Wallis test with Bonferroni correction (the similarity of distributions was assessed by visual inspection of a boxplot). When no specific statistical hypothesis was tested, descriptive statistics was reported as mean Ϯ SEM values. The error bars show the SEM values.
Accession codes
GenBank accession codes of ACRs first reported in this article are listed in Table 3 .
Data availability
All data are available from the authors on reasonable request. Plasmids carrying functional ACR expression constructs are available through the nonprofit DNA distributor Addgene.
Results
Screening of ACR homologs
To explore the diversity of the ACR protein family and in search of better tools for optogenetics, we identified 13 new ACRs homologs in ongoing algal transcriptome sequencing projects (Keeling et al., 2014; Matasci et al., Table 4 . E, Voltage traces recorded from a neuron transduced with RapACR and stimulated with a depolarizing current ramp (0 -2 nA, 1 s; bottom trace) injected 500 ms after the onset of illumination (red) or in the dark (black). The blue arrow shows the photoinduced rheobase shift (RS). F, The dependence of the rheobase shift on the light intensity in neurons transduced with RapACR or iCϩϩ. The current ramp was from 0 to 2 nA in 1 s. The blue arrow shows the difference in the light sensitivity between the two tested channels. The data points are mean Ϯ SEM (n ϭ 9 and n ϭ 6 neurons for RapACR and iCϩϩ, respectively). Table 3 . Six of the tested homologs generated photocurrents in HEK293 cells. For three of the functional homologs, RsACR_665, RlACR_497, and RaACR_687, the mean peak current amplitude recorded at -60 mV with standard solutions (131 and 156 mM Cl -in the pipette and bath, respectively; for other components, see Table 1 ) was Ͼ10 nA, whereas the other three homologs generated modest to small photocurrents (Fig. 1A) . Although RsACR_665 and RlACR_497 were isolated from different algal species, their protein sequences differed only at three residue positions. Therefore, RlACR_497 was excluded from further analysis.
The spectral sensitivity of ACR homologs was determined by measuring the initial slope of current responses to 50-ms light pulses in the linear range of the intensity dependence, as described in Materials and Methods. Both RsACR_665 and RaACR_687 exhibited the spectral maxima at 520 nm (Fig. 1B) ; the spectral maxima for other homologs are listed in Table 3 . The current decay kinetics after switching off the light was faster for both proteins than for GtACRs, and for RsACR_665, faster than for RaACR_687 (Fig. 1C) . The current decay of RsACR_665 further accelerated on reducing the light intensity or shifting the voltage to more depolarized values (Fig. 1D,E) . We nicknamed RsACR_665 "RapACR" to reflect its rapid channel kinetics.
To test the channels for permeability for Cl -, this ion in the bath was partially replaced with non-permeable aspartate, and a shift of the reversal potential (E rev ) was determined by measuring the current-voltage dependencies, as described in Materials and Methods. On such replacement, the E rev shifted to more positive values following the E Cl (Fig. 1F) , as has been shown for GtACRs . This observation confirmed that RapACR and RaACR_687 are anion-selective channels, as suggested by their sequence homology with earlier known cryptophyte ACRs.
Comparison of RapACR with the second-generation Cl --conducting CCR mutant iC؉؉
To compare RapACR with the second-generation Cl --conducting CCR mutant iCϩϩ (Berndt et al., 2016) as optogenetic inhibitors, we expressed each construct under the ubiquitin promoter of the pFUGW vector (Lois et al., 2002) in cultured mouse hippocampal neurons using lentiviral delivery. RapACR showed predominantly plasma membrane localization (Fig. 2A) . The ratio of the tag fluorescence in the plasma membrane to that in the cytoplasm was 13.9 Ϯ 6.9 (mean Ϯ SEM, n ϭ 9 neurons). RapACR expression changed neither morphologic nor physiologic parameters of neurons in the dark, as compared to control (non-transfected) neurons ( Fig. 2B-E) . When tested in voltage clamp mode at the Cl -gradient typical for the neuronal soma (4 and 135 mM Cl -in the pipette and bath, respectively; for other solution components, see Table 2 ), RapACR generated hyperpolarizing photocurrents at the holding voltages above the E Cl (ϳ-90 mV). Expression of RapACR in neurons enabled optical inhibition of their spiking (Fig. 3A-C) . To determine the light sensitivity of optogenetic inhibition, virally transduced neurons were selected without regard to their tag fluorescence amplitude and stimulated by pulsed current. The probability of spiking (i.e., the percentage of current pulses that resulted in a spike) was measured in the dark and during illumination at various wavelengths and intensities. When activated at the wavelength of their maximal spectral sensitivity (520 and 470 nm, respectively), RapACR required similar energy densities to inhibit neurons as the earlier used GtACR2 (Fig. 3D, olive; Table 4 ). Furthermore, spiking in RapACR neurons could be completely inhibited even with 600-nm light (i.e., a wavelength 80 nm longer than the RapACR absorption maximum; Fig.  3D, orange) . Among neurons transduced with iCϩϩ and illuminated at the wavelength of its maximal sensitivity recorded from neurons expressing RapACR or GtACR2, respectively, illuminated for 500 ms (the end of the light pulse is shown as a colored bar on top) at 520 or 470 nm, respectively, and stimulated with injection of a pair of 1-ms current pulses, the first of which was applied at the end of illumination, and the second of which, at an incrementally increased time after switching off the light (the injection protocols are schematically drawn at bottom; for GtACR2, only the first six protocols are shown). Passive response of the membrane (recorded under complete inhibition of spiking with light) was digitally subtracted. C, D, The time course of recovery of spiking after illumination measured as shown in panels A, B for cells that could be inhibited with 1% light intensity. The data points are the mean values Ϯ SEM (n ϭ 10 and n ϭ 8 neurons for RapACR and GtACR2, respectively). E, The dependence of the time of 50% recovery of spiking on the light intensity calculated from the same cells as in C, D; ‫ء‬p Ͻ 0.001 (pairwise comparison of RapACR and GtACR2 data at each intensity by the Mann-Whitney test). Data obtained in each individual neuron are shown as empty circles. (488 nm), spiking was inhibited only in those with the brightest tag fluorescence, even at the highest light intensity tested. The mean data for iCϩϩ neurons are shown in Figure 3D , dark cyan. We also measured the photoinduced rheobase shifts in neurons transduced with RapACR or iCϩϩ, as shown by the blue arrow in Figure 3E for RapACR. The half-maximal shift detected with iCϩϩ was reached with RapACR at ϳ50-fold lower light intensity (ϳ0.01 mW mm Ϫ2 ; Fig. 3F , blue arrow).
Using RapACR improves the time resolution of photoinhibition
GtACR2 has been shown to suppress spiking in neurons in vitro and in vivo at light intensities lower than those required by rhodopsin pumps and Cl -conducting CCR mutants Mohammad et al., 2017; Bergs et al., 2018) . However, its photocurrent decays with a time constant of ϳ40 ms , which is too slow for temporally precise inhibition (e.g., single spike suppression) of neurons firing at high frequencies. The performance of a faster variant, ZipACR, as a neuronal silencer has only been tested at the maximal light intensity (Govorunova et al., 2017b) , and its light sensitivity remained unknown. We transduced neurons with the same amount of ZipACR virus as used for RapACR and measured the sensitivity to photoinhibition of randomly picked neurons without inspecting their tag fluorescence, as described in the previous section. We found that the sensitivity for ZipACR was ϳ135-fold less than that for RapACR (Table 4) . Thus, although ZipACR exhibits a faster channel decay than RapACR, its lower sensitivity decreases its utility as an optogenetic silencing tool as compared to RapACR.
The rate of membrane repolarization after switching off the light depends not only on the rate of channel closing, but also on the photocurrent amplitude, both of which are light dependent. We measured the light intensity dependence of the time required for spiking recovery after photoinhibition for RapACR and GtACR2. Most rodent hippocampal neurons cannot be repetitively stimulated at frequencies higher than 50 Hz, although they are capable of generating short high-frequency bursts of spikes (Graves et al., 2012) . To determine accurately the time required for the recovery of spiking after photoinhibition mediated by ACRs, we injected a pair of depolarizing current pulses per trace. The first pulse was applied precisely at the end of illumination to test whether spiking was inhibited at each particular light intensity. The second was injected at an incrementally varied time after switching off the light to test for spiking recovery. Figure 4A ,B shows representative series of overlaid voltage traces recorded from neurons expressing RapACR or GtACR2, respectively. In both cases, the rate of recovery depended on the light intensity. Although the mean light sensitivities of neurons transduced with RapACR or GtACR2 were similar (Table 4) , there was variability between individual cells. Therefore, for more accurate comparison of the recovery rates in neurons transduced with RapACR or GtACR2, we selected only those neurons that required approximately the same threshold light intensity (1% of the maximum) of inhibition. Figure 4C ,D shows the time course of spiking recovery for such neurons, and Figure  4E , the dependence of the half-recovery time on the light intensity. RapACR enabled faster recovery than GtACR2 at all tested light intensities. At the lowest light intensity sufficient for silencing, RapACR enabled complete restoration of spiking already at 10 ms after switching off the light, whereas with GtACR2, 80 ms was required.
Mutagenetic alteration of ACR photocurrent kinetics
In RapACR and RaACR_687, the position of Cys-102 (GtACR1 numbering) is occupied with Thr (Fig. 5A) . Replacement of this residue (Thr111) with Cys in RapACR led to acceleration of the current decay (Fig. 5B , red solid line), so that at the positive voltages its half-time approached 2 ms (Fig. 5C ) matching that of ZipACR, the fastest so far found wild-type ACR (Govorunova et al., 2017b) . The peak current amplitude of the T111C mutant was not significantly different from that of the wild-type RapACR (Fig. 5D) . The corresponding T107C mutation in RaACR_687 also accelerated the current decay (Fig. 5B , red dashed line) from t 1/2 35 Ϯ 4 ms in the wild type (n ϭ 10 cells) to 12 Ϯ 3 ms in the mutant (n ϭ 5 cells).
Instead of precise light control in the ms time domain, some optogenetic experiments require prolonged inhibition after a short light pulse. It has been shown that substitution of Cys102 in GtACR1 with Ala leads to a dramatic extension of the second phase of the photocurrent decay (Sineshchekov et al., 2015) . On stimulation with continuous light pulses, the amplitude of the slow decay phase in the GtACR1_C102A mutant was ϳ50% at the maximal intensity (Fig. 6A, red) , whereas at low light intensities this phase dominated the decay. Mutagenetic replacement of Cys102 with Thr or Ser caused a lesser effect than replacement with Ala ( Fig. 6A,B ; see Table 7 for full statistics). At 0.2 W mm Ϫ2 , the C102A mutant generated ϳ13 times larger stationary currents than the wild type (Fig. 6C) . For 100-s illumination, the C102A mutant required approximately seven times less light than the wild type to reach the half-saturating level of charge transfer (Fig. 6D) . Illumination with red light caused partial closing of the GtACR1_C102 channel (Fig. 6E) . The action spectrum of channel opening (Fig. 6F, black) corresponded to the absorption spectrum of GtACR1_C102A expressed and purified from Pichia (Sineshchekov et al., 2016) and was slightly blue-shifted from that of the wildtype (the maximum at 505 vs 515 nm). The action spectrum of channel closing peaked at 640 nm (Fig. 6F, red) .
Replacement of Thr111 with Ala in RapACR slowed the current decay, as did the corresponding C102 mutation in Table 5 ); ‫ء‬p Ͻ 0.05, ‫‪p‬ءء‬ ϭ 0.01; Kruskal-Wallis test with Bonferroni correction. C, The amplitudes of stationary photocurrents in HEK293 cells at -60 mV after 200-s illumination. The wavelengths were 515 and 505 nm for GtACR1 and GtACR1_C102A, respectively. The data are mean Ϯ SEM (n ϭ 13 and n ϭ 12 cells, respectively); ‫ء‬p Ͻ 0.001; Mann-Whitney test; see Table 6 for full statistics. D, The dependence of electrical charge transferred across the membrane during 100-s illumination at -60 mV. The data are mean Ϯ SEM (n ϭ 5 and n ϭ 6 cells for GtACR1 and GtACR1_C102A, respectively). The fitting parameters are listed in Table 4 . E, Opening and partial closing of GtACR1_C102A with light at -60 mV. F, The action spectra of GtACR1_C102A opening and closing. The data points are mean Ϯ SEM (n ϭ 8 scans). G, Bidirectional optical control of neuronal spiking with GtACR1_C102A. Passive response of the membrane (recorded under complete inhibition of spiking with light) was digitally subtracted. In panels B-D, also the data obtained in each individual cell are shown as empty circles.
GtACR1, but the effect was much less pronounced (Fig.  7A) . We also tested the corresponding Ala replacement mutants in RaACR_687 and two other ACRs that generate large photocurrents, ZipACR and R2ACR_142 (Govorunova et al., 2017b) . The results (Fig. 7B-F) show that although the mutation led to an extension of the decay time in all tested mutants, none of them exhibited slower decay than the GtACR1_C102A mutant. Therefore, we used the latter to inhibit neuronal spiking. We cloned GtACR1_C102A in the same vector backbone as used for wild-type ACRs and expressed it in cultured mouse hippocampal neurons by lentiviral delivery. No changes in morphologic or physiologic parameters of neurons in the dark were detected on GtACR1_C102A expression (Fig.  8) . A brief light pulse of green (505 nm) light was sufficient to inhibit neuronal spiking for at least 10 s after switching the light off (Fig. 6G) . In neurons transduced with GtACR1_C102A, spiking was rapidly restored with a pulse of red (640 nm) light (Fig. 6G) .
Discussion
Both natural and engineered Cl --conducting channelrhodopsins can be considered as silencing tools more physiologic than rhodopsin pumps, since they "shunt" the membrane potential to the E Cl (which in most neurons is close to the resting potential), and therefore prevent nonphysiologic changes in the intracellular Cl -concentration, which have been reported when using the Cl -pump halorhodopsin (Raimondo et al., 2012; Alfonsa et al., 2015) .
We show that the light sensitivity of some cryptophyte ACRs as neuronal silencers exceeds not only that of rhodopsin pumps Mohammad et al., 2017; Bergs et al., 2018) but also that of improved, second-generation engineered Cl --conducting channelrhodopsins, which makes cryptophyte ACRs the most efficient silencing tools available. When tested side-byside, RapACR enabled complete silencing of neurons at a wavelength 110 nm more red-shifted than that of the peak absorbance of iCϩϩ, at which the latter tool failed to suppress spiking in Ͼ50% of randomly picked neurons (Fig. 3D) . Engineered Cl --conducting channelrhodopsins have recently been referred to as "engineered ACRs" (eACRs) in the literature , but this term is misleading, because chlorophyte CCRs from which they were derived differ from natural cryptophyte ACRs not only in the mutated positions, but form a structurally distinct protein family (Govorunova et al., 2017b) .
So far, studies using GtACRs as optogenetic inhibitors of behavior have been conducted in worms (Bergs et al., 2018; Xu et al., 2018) , flies (Mauss et al., 2017; Mohammad et al., 2017; Steck et al., 2018) , zebrafish (Mohamed et al., 2017) , and mouse Forli et al., 2018; Li et al., 2018; Mardinly et al., 2018; Wei et al., 2018) . ACRs are also expected to enable silencing of all those types of mammalian neurons in which inhibition has been demonstrated with engineered light-gated Cl --conducting channels Berndt et al., 2016 Table 5 ).
2016; Chung et al., 2017) and possibly many more. Switching to highly conductive natural ACRs as optogenetic silencing tools will help to: (1) minimize light intensities and thus prevent overheating of the tissue; and (2) decrease expression levels to avoid possible detrimental effects on the physiology of recipient cells, as compared to other available tools.
The kinetics of channel closing of GtACRs enables single-spike suppression in neurons firing at moderate rates but limits temporal precision of spike suppression in neurons spiking at high frequencies. Faster natural ACRs that generate comparably large photocurrents, such as ZipACR (Govorunova et al., 2017b) or RapACR reported here, are capable of singlespike suppression even in high-frequency firing neurons. The theoretically estimated upper limit of firing frequency at which precise neuronal silencing with ZipACR is possible is 200 Hz, which, however, has not yet been confirmed experimentally (Govorunova et al., 2017b) . Although ZipACR and RapACR generated equally large photocurrents in HEK293 cells (Govorunova et al., 2017b;  and this study, respectively), ZipACR required much more light to inhibit cultured mammalian neurons than RapACR or GtACR2 (Table 4 ). The latter observation is consistent with the data obtained in C. elegans muscles, where the performance of ZipACR was also inferior to that of GtACR2 (Bergs et al., 2018) . This discrepancy between the results obtained with the same tool in different cell types emphasizes the importance of cell-specific tool testing.
The limit for silencing with RapACR that we determined by measuring the recovery rate at the minimal light intensity sufficient to fully suppress spiking is at least 100 Hz (Fig. 4) , and this number may be an underestimate, be- Figure 8 . GtACR1_C102A expression does not change morphologic and physiologic parameters of neurons. A, Immunofluorescent images of neurons transduced with GtACR1_EYFP fusion (odd rows) or control (non-transduced) neurons (even rows) and stained with antibodies against EYFP (green channel), MAP2 (microtubule associated protein 2) as the dendrite marker (red channel), and SV2 (synaptic vesicle protein 2) as the synapse marker (blue channel). Scale bar, 20 m. B, C, The number of dendrites per neuron and synapses per dendritic length of 20 m, respectively. The data points are mean Ϯ SEM (n ϭ 17 and n ϭ 24 cells for GtACR1_C102A and control, respectively). D, E, The resting potential (abbreviated as rest. pot. on the y-axis in panel D) and rheobase in the dark. The data points are mean Ϯ SEM (n ϭ 10 and n ϭ 13 cells for GtACR1_C102A and control, respectively, tested 8 -14 d after transduction). Statistical significance was tested by the Mann-Whitney test (see full results in Table 6 ).
cause we measured the recovery only in 5-ms time increments. Further acceleration of ACR channel kinetics, and thereby, a further increase in temporal precision of inhibition, can be achieved by site-directed mutagenesis, as we show here for the RapACR_T111C mutant (Fig. 5) . Importantly, fast cryptophyte ACRs permit temporally precise neuronal silencing at low light intensities, in contrast to rhodopsin pumps that also generate fast photocurrents but require strong light. However, when temporally precise photoinhibition using ACRs is needed, it is important to take into consideration that the time required for spiking recovery after photoinhibition depends on the light intensity and is minimal at the minimal intensity sufficient to suppress spiking (Fig. 4E) . Improved temporal resolution can also be achieved by reducing ACR expression level (although this will also lead to reduction of the light sensitivity).
ACRs with dramatically extended channel opening time could be engineered to boost their light sensitivity and convert them to step-function tools (Fig. 6 ). Despite only partially overlapping residue conservation patterns between ACRs and CCRs (Govorunova et al., 2017a) , the C102 position in GtACR1 (corresponding to Cys128 in CrChR2) appears to be a common regulator of channel kinetics in both channelrhodopsin families. GtACR1_ C102A functions as a bistable photochromic stepfunction tool for spike inhibition as does CrChR2_C128A for spike generation.
Natural ACRs and their mutants reported here enable efficient neuronal silencing on time scales both shorter and longer than that currently available, which widens the range of potential applications of these powerful optogenetic silencing tools.
